Quantification of lung tumor rotation with automated landmark extraction using orthogonal cine MRI images. by Paganelli, C et al.
Quantification of lung tumor rotation with automated landmark extraction using orthogonal cine MRI 
images  
Chiara Paganelli1, Danny Lee2, Peter B Greer3,4, Guido Baroni1,5, Marco Riboldi1,5 and Paul Keall2 
 1 Dipartimento di Elettronica, Informazione e Bioingegneria, Politecnico di Milano, Milano, Italy  
2 Radiation Physics Laboratory, Sydney Medical School, University of Sydney, Sydney, Australia  
3 School of Mathematical and Physical Sciences, The University of Newcastle, Newcastle, NSW, Australia  
4 Department of Radiation Oncology, Calvary Mater Newcastle, Newcastle, NSW, Australia  
5 Bioengineering Unit, Centro Nazionale di Adroterapia Oncologica, Pavia, Italy 
 
 
 
Abstract 
The quantification of tumor motion in sites affected by respiratory motion is of primary importance to improve 
treatment accuracy. To account for motion, different studies analyzed the translational component only, without 
focusing on the rotational component, which was quantified in a few studies on the prostate with implanted 
markers. The aim of our study was to propose a tool able to quantify lung tumor rotation without the use of 
internal markers, thus providing accurate motion detection close to critical structures such as the heart or liver. 
Specifically, we propose the use of an automatic feature extraction method in combination with the acquisition 
of fast orthogonal cine MRI images of nine lung patients. As a preliminary test, we evaluated the performance 
of the feature extraction method by applying it on regions of interest around (i) the diaphragm and (ii) the tumor 
and comparing the estimated motion with that obtained by (i) the extraction of the diaphragm profile and (ii) the 
segmentation of the tumor, respectively. The results confirmed the capability of the proposed method in 
quantifying tumor motion. Then, a point-based rigid registration was applied to the extracted tumor features 
between all frames to account for rotation. The median lung rotation values were  −0.6   ±   2.3° 
and  −1.5   ±   2.7° in the sagittal and coronal planes respectively, confirming the need to account for tumor 
rotation along with translation to improve radiotherapy treatment. 
Introduction 
Image Guided Radiotherapy has become the standard practice to account for organ motion, with the aim to 
deliver the highest possible dose to the target while sparing the surrounding healthy tissues (Dawson et al 2006, 
Keall et al 2006, Jaffray 2012). Specifically, the need to quantify tumor motion in sites affected by respiration 
has become of primary importance (Langen et al 2001, Zhang et al 2012, Korreman 2012, Giraud et al 2013, 
Xie et al 2014) to improve the accuracy of both the planning stage (internal margin reduction (Li et al 2009)) 
and treatment delivery, as the effects of motion need to be verified throughout the treatment. 
Different studies (Langen et al 2001, Shirato et al 2004, Chan et al 2013, Schmidt et al 2014) report the 
quantification of intra-fractional motion to account for translation, without focusing on the rotational 
component. Studying the rotational component could improve high-precision radiation therapy techniques, as 
for optimizing the collimator position and rotation (Wu et al2012), in order to prevent healthy structures from 
radiation (e.g. rectum and bladder for prostate (Rijkhost et al 2009), heart, liver and parenchyma for lung 
(Karpathiou et al 2014)). Prostate studies (vanHerk et al 1995, Li et al 2009, Tehrani et al 2013, Huang et 
al 2015) show the presence of a rotational component, which can lead to a dose delivery that is lower than the 
actual prescription. Specifically for lung tumors, the effect of a rotational offset in patient positioning may cause 
large dosimetric changes (Suzuki et al 2012, Yang et al 2014). However, compensation of patient motion does 
not remove uncertainties on intra-fractional variability due to tumor position and breathing motion changes 
(Guckenberger et al 2007). The first results in the lung studying these variabilities were obtained by Plathow et 
al (2006) and Huang et al (2015) on the quantification of tumor rotation on five and three cancer patients, 
respectively, showing the presence of a rotational component. 
However, most of these studies rely on x-ray-based imaging with implanted fiducial markers for tumor 
localization, thus requiring marker implantation and additional imaging dose. Fast dynamic magnetic resonance 
imaging (MRI) can overcome such limitations, allowing the acquisition of a significant amount of breathing 
cycles at high temporal resolution and better soft tissue contrast (Kauczor et al 2006, Kupelian et al 2014, 
Sawant et al 2014). However, the acquisition of real-time 3D volumes suffers from the trade-off between spatial 
and temporal resolution, thus not covering multiple breathing cycles. Plathow et al (2006) proposed the use of a 
4DMRI for lung tumor rotation quantification, but due to limited temporal resolution, patients were instructed 
to breathe very slowly from maximal expiration to maximal inspiration, thus pushing the respiratory cycle far 
from a typical free-breathing acquisition. To overcome the limited frequency, the rapid acquisition of 2D cine 
MRI has been widely proposed (Koch et al 2004, Liu et al 2004, Plathow et al 2004, 2005, Sawant et al 2014) 
for tumor translation quantification, based on tracking features with manual landmarks or template matching 
(Cervino et al 2011, Tryggestad et al 2013, Shi et al 2014). To improve clinical practice by avoiding a manual 
selection of landmarks and to provide features matched along the cine MRI frames, recent studies (Paganelli et 
al 2012, 2015) proposed the use of an automatic feature extraction method, scale invariant feature transform 
(SIFT), in which liver motion was analyzed. 
In this study, we propose to apply the SIFT method on orthogonal 2D cine MRI to quantify tumor rotation in 
nine lung cancer patients. The automatic method was applied in a region of interest around the tumor and 
features were identified and matched among all the frames. Tumor motion was also compared to an automatic 
real-time tumor segmentation by selecting the points of the tumor contour closest to the identified SIFT 
features. A point-based rigid registration was finally applied to SIFT matches among all frames for tumor 
rotation quantification. The purpose of the study is to provide a tool able to quantify tumor rotation and 
translation, that can be applied to tumor monitoring during an MRI-guided treatment (Fallone et al 2014, 
Keall et al 2014, Lagendijk et al 2014) and for margin reduction. 
Materials and methods 
Clinical dataset 
Cine-MRI images were acquired in nine lung patients with a 3.0 T Skyra scanner (Siemens) at the Calvary 
Mater Hospital, Newcastle. In seven patients the tumor was close to healthy structures, in the remaining (p03 
and p05) the tumor was in the center of the lung. A balanced steady-state free precession sequence (TrueFISP) 
was used during free-breathing to repeatedly acquire interleaved orthogonal (i.e. sagittal and coronal planes) 2D 
images. For one patient (p04), audio-visual feedback was used instead of free breathing, as the free breathing 
data was not available. The MRI parameters were optimized as follows: 
• repetition time (TR)/echo time (TE): 254 ms/1.32 ms 
• flip angle: 45° 
• bandwidth: 1500 Hz per pixel 
• scan matrix: 256   ×   256 pixels with 1.48   ×   1.48 mm spacing 
• slice thickness: 5 mm 
• acquisition time: 300 ms/slice 
• number of frames/plane: 512 (i.e. 1024 frames in total); 256 (i.e. 512) for p04. 
Internal feature extraction and evaluation 
The extraction of internal anatomical trajectories describing tumor motion was performed by defining a Region 
of Interest (ROI) around the tumor and applying an automatic feature extraction/matching method. The latter 
relied on the application of scale invariant feature transform (SIFT) (Paganelli et al 2013) between consecutive 
frames for coronal and sagittal acquisitions separately (figure 1(A)). Therefore, the SI components derived from 
the two acquisitions were evaluated separately in order to account for the different extracted features. 
Trajectories were obtained by interpolating SIFT matches, and outliers were identified as points with a distance 
from the trajectory centroid greater than a threshold, as proposed in our previous work (Paganelli et al 2015). 
To evaluate the method on the newly acquired data, a comparison with other approaches was performed. Other 
surrogates were computed, such as: 
(i)  Diaphragm motion (figure 1(B)): the diaphragm profile was extracted as reported in (Rit et al 2012). The 
correlation between the diaphragm signal (diaphragm) and SIFT-based motion in a ROI around the diaphragm 
(SIFT_diaphragm) was computed. 
(ii)  Tumor contour motion (figure 1(C)): for each frame of the cine MRI acquisition, a real-time tumor 
segmentation was performed based on a thresholding algorithm (Otsu 1975). We analyzed the correlation of the 
SIFT tumor trajectory (SIFT_tumor) with the one obtained computing the mean of the segmented tumor points 
closest to the SIFT features (tumor_contour_closest). We selected the segmented tumor points closest to the 
SIFT ones in order to be consistent with the feature distribution. 
For the extracted trajectories we also quantified the mean displacement and period. In addition, we performed a 
statistical analysis (Wilcoxon test, α  =  5%) between the diaphragm and SIFT_diaphragm populations and 
between tumor_contour_closest and SIFT_tumor, in order to evaluate the robustness of the proposed method. 
Furthermore, the root mean squared error (RMSE) between the SIFT trajectory and the trajectory extracted from 
(i) and (ii) was computed. A global quantification on all patients was defined as median  ±  interquartile range. 
Rotation quantification 
To account for tumor rotation, a point-based rigid registration algorithm was applied between the SIFT matches 
over the frames. Rotation angles in coronal and sagittal planes were determined from the rotation matrix. 
Specifically, rotation angles (figure 1(D)) were calculated between the current frame and a reference one (i.e. 
first frame) and quantified in terms of mean  ±  standard deviation. The standard deviation was considered as the 
parameter to quantify rotation variability over the acquired frames. As a global quantification, the 
median  ±  interquartile range was computed for all patients. Residual errors (mm) between the registered points 
and the real ones were also computed in order to evaluate the performance of the rigid registration algorithm. 
In order to analyze the effect of the breathing pattern, the rotational motion was compared to the translational 
motion in terms of periodicity. A statistical analysis (Wilcoxon test, α  =  5%) was performed between the 
period populations of translation in SI direction and rotation, both for sagittal and coronal acquisition. A 
correlation analysis (Pearson's correlation, α  =  5%) was also performed between rotation and translation. 
Specifically, the rotation measured in the sagittal/coronal plane was compared with the AP/RL and SI 
translation of the respective plane. Furthermore, a wavelet decomposition of the rotation traces was performed 
in order to extract the respiratory component only (i.e. signal component with the patient-specific mean 
respiration frequency, range of 0.2–0.5 Hz) and compared with translation. The respiratory component was 
finally analyzed by computing the power spectrum of the rotation for each patient. 
Results 
SIFT evaluation 
The correlation between the diaphragm signal and the SIFT_diaphragm signal ranged from 0.8 to 0.9 with a 
displacement of 14.0   ±   1.5 mm and 13.0   ±   1.1 mm and period of 2.8   ±   0.7 s and 2.6   ±   0.9 s respectively 
for all patients. The statistical analysis between diaphragm and SIFT_diaphragm in terms of displacement and 
period confirmed that the two populations were not significantly different, with a median RMSE of 
0.5   ±   0.1 mm between the two trajectories. 
The correlations between diaphragm and SIFT_tumor were lower and ranged from 0.1 to 0.7. 
Figure 2 depicts the signals extracted by SIFT_tumor and tumor_contour_closest. Specifically, the mean 
trajectories are reported for RL/SI and AP/SI (i.e. for coronal and sagittal acquisition, respectively) for three 
representative patients (i.e. p01 free-breathing regular, p04 with audio-visual feedback, p05 free-breathing 
irregular). Correlation between SIFT_tumor and tumor_contour_closest are also reported: low correlation 
values corresponded to motion less than 3 mm. 
Quantitatively, the number of features identified by SIFT_tumor varied from 1 to 14 and SIFT_tumor measured 
a motion of 1.0   ±   1.1 mm, 0.9   ±   0.2 mm, 1.8   ±   3.6 mm in AP, RL and SI respectively, as compared to 
1.5   ±   0.8 mm, 1.5   ±   0.5 mm, 2.4   ±   2.6 mm of the tumor_contour_closest (table 1). The periodicity for 
both SIFT_tumor and tumor_contour_closest was quantified in median as 2.3   ±   0.2 s for all patients. The two 
populations SIFT_tumor versus tumor_contour_closest were not significantly different both in displacement 
and period (α  =  5%). The correlation value in all patients was 0.7 for the SI direction (i.e. predominant 
component in the breathing pattern). Furthermore, the RMSE between the SIFT_tumor trajectory and 
the tumor_contour_closest trajectory was under 2 mm for all patients, except for p05 in the SI direction, which 
also presented a mean displacement in SIFT_tumor (5.6 mm) lower than in tumor_contour_closest (12.3 mm). 
A phase binned RMSE (number of bins  =  6) was also computed, showing an increase in error at the extreme 
respiratory phases (full expiration and full inspiration), as also visible in figure 2. Specifically, for the SI 
components, the median error was quantified as 0.8   ±   0.7 mm/0.4   ±   0.7 mm and 
0.5   ±   0.3 mm/0.5   ±   0.4 mm at exhale/inhale for sagittal and coronal directions, respectively. The RMSE in 
intermediate phases was below 0.5 mm, with greater values in patient p05 (highly irregular breathing). 
Rotation versus translation: respiratory component 
The standard deviation of the rotational component presented a large variability among all patients (table 2). 
Specifically, the standard deviation ranged from 0.5° to 13.2° for the sagittal images and from 2.2° to 5.6° for 
the coronal images, with a median value among all patients of 2.3   ±   3.0° and 2.7   ±   1.9° respectively. Large 
rotations were observed for patient p05 (i.e. 13.2°–4.1° in sagittal-coronal) which presented an irregular 
breathing pattern as shown in figure 2. For patient p06 no rotation was computed in the coronal plane due to the 
identification of one feature only. Maximal rotation was measured in the range 0.8°–19.7°, with a median value 
of 7.9   ±   11.4°/7.7   ±   8.5° for sagittal/coronal acquisition. Figure 3 shows an example of rotation between 
inhale–exhale in patient p01. 
The rotational component presented an absolute mean correlation of 0.3 with the SI translational component, 
while the correlation increased by considering the respiratory component only through the wavelet 
decomposition. The period of the rotation was quantified as 2.0   ±   0.2 s in sagittal and 2.4   ±   0.6 s in coronal 
acquisition which was not significantly different from that measured from the SI translational motion for both 
planes. 
Residual errors of the rigid registration were quantified as 1.0   ±   0.3 mm and 1.1   ±   0.4 mm for sagittal and 
coronal directions for all patients. 
From the lung rotation traces in figure 4, respiratory cycles could be observed and compared with the SI 
translation signal. To further analyze the effect of breathing in lung tumor rotation the power spectrum of 
rotation was analyzed, with peaks in frequency around 0.35 Hz (i.e. 2.8 s). 
Discussion 
In this study we proposed a retrospective quantification of tumor rotation in cine MRI data of the lung through 
the use of an automated feature extraction method able to identify and match landmarks in an image pair. The 
quantification of tumor rotation, in addition to the standard translation component, could provide more 
information about tumor location, to be used for image guidance and margin reduction during radiotherapy 
treatment planning and delivery. 
SIFT evaluation 
To evaluate the proposed method, we compared the translational component identified by SIFT in the 
diaphragm and in the tumor with the one identified by the diaphragm signal 
(SIFT_diaphragm versus diaphragm) and by an automatic tumor segmentation 
(SIFT_tumorversus tumor_contour_closest). Correlation values were high in both cases, especially in the SI 
direction, and the statistical analysis showed no significant difference between the populations. The RMSE 
between the mean trajectories identified by SIFT and the other two approaches was also computed and resulted 
in 0.5 mm in the diaphragm region, whereas under 2 mm for the tumor. The lower RMSE in the diaphragm 
region was due to a greater identification of SIFT features and a higher presence of stable structures with 
respect to the tumor, in which few stable features within the slice were found (e.g. one feature only in coronal 
plane for p06 in which no rotation was computed). It should be also noted that using a single 2D image (slice 
thickness of 5 mm) can lead to out-of-plane motion, thus compromising the identification of the feature within 
the slice. Also, the interpolation of missing features (Paganelli et al 2015) could lead to an under-estimation of 
the peak-to-peak motion. An increase in the slice thickness is expected to improve SIFT outcome, as the effects 
of out-of-plane motion and missing features is reduced (Paganelli et al 2015). However the ideal solution is 
represented by a full volumetric acquisition, even if limitations between spatial and temporal resolution are still 
a challenge. In addition, the selection of the points of the contour closest to the identified SIFT features resulted 
in a great variability in the tumor_contour_closest trajectory. All these aspects affected p05 (i.e. the most 
irregular patient) in which a RMSE of 5.2 mm in the SI direction with a difference in motion quantification of 
6.7 mm between SIFT_tumor and tumor_contour_closest were quantified. However, the RMSE near the voxel 
dimension (1.48 mm  ×  1.48 mm  ×  5 mm) confirmed the robustness of the method in identifying and matching 
features to be tracked over all frames, thus providing a tool for tumor translation and rotation quantification. As 
a limitation, the distribution of SIFT features in localized portions of the tumor could compromise the 
quantification of the whole translational and rotational component, in a similar fashion to local and not well-
positioned implanted markers. There are several possible reasons for the absence of well distributed SIFT 
features in the tumor. First, the tumor may lack internal well-contrasted features, thus hindering automated 
identification via SIFT. Second, the occurrence of out-of-plane motion can affect the presence of adequate 
features within the considered slice for some of the breathing phases. Third, the tumor may change shape 
significantly between different breathing phases. Furthermore, the presence of off-resonance artifacts (i.e. signal 
cancellation in areas of magnetic field inhomogeneities) compromised also the identification of stable and 
spread features within the tumor. However, the combination of cine MRI with the proposed method does not 
require the presence of internal markers, avoiding the need of an invasive implantation to the patient, which is 
extremely critical in the lung. Finally, the proposed approach is automatic, requiring minimal user interaction 
and limited imaging and processing time (less than 10 min overall), both compatible with the clinical routine. 
Tumor rotation 
Lung tumor rotation was computed with a point-based rigid registration algorithm between the SIFT matches in 
all frames. The standard deviation of rotation was quantified as 2.3   ±   3.0° and 2.7   ±   1.9° in sagittal and 
coronal direction, respectively, with a high inter-patient variability. Specifically, larger rotation angles were 
measured in p05, who presented an irregular and greater breathing pattern with respect to other patients. 
Residual errors after rigid registration were within the voxel dimension, allowing the application of the method 
for rotation quantification. Results provided by our method were also compared with another study (Huang et 
al 2015), in which rotation values in three lung patients were analyzed. In the earlier work, the standard 
deviation of rotation was quantified as 2.6°, 3° and 1.8° in RL, SI and AP respectively. Greater values were 
measured in our method, due to a different imaging method (kV images versus MRI) and rotation computation 
(iterative closest point on implanted markers versus point-based rigid registration on SIFT matches). 
Nonetheless, results were comparable when considering the high inter-patient variability. A further comparison 
with (Plathow et al2006) was also performed, in which the median maximal rotation was 23.7°, 10.5°, and 13.8° 
in RL, SI and AP directions, measuring higher values with respect to our quantification (7.9° and 7.7° in sagittal 
and coronal acquisition respectively). However, in this work, a no free-breathing acquisition was performed in 
which patients were instructed to maximally exhale before imaging and then to slowly inhale to the maximal 
possible volume, thus forcing a slow and large respiratory cycle. In addition, a 5° threshold was proposed by 
Yang et al (2014) to compensate for rotational effects in patient positioning, with minimal dosimetric changes 
up to this threshold. Our results relevant to intra-fraction variability showed a lower median value of rotation, 
however maximal rotations of 7.9° and 7.7° were quantified by the proposed approach. Furthermore, in Yang et 
al (2014) larger dosimetric changes and inter-subject variations were found at larger rotational offsets in patient 
positioning. This may indicate that dosimetric effects of rotational offsets can be patient specific and clinically 
significant at large rotational offsets for certain patients, thus requiring a tailored patient-specific compensation 
for tumor rotation which can be performed by on-line adaptation of the multi-leaf collimator. 
We also identified a periodicity in time (i.e. 2.4 s) and in frequency (i.e. 0.35 Hz) which confirmed the presence 
of a respiratory component in the lung tumor rotational movement with a correlation of 0.3 with the 
translational component, as confirmed by (Huang et al 2015). The correlation increased (i.e. 0.6) if the 
respiratory-only component of the rotation was considered, suggesting the need to account for tumor rotation 
during radiotherapy in addition to translation. 
Conclusion 
This work presented the first application of orthogonal cine MRI imaging in combination with a marker-less 
feature extraction method for the quantification of lung tumor rotation. The ability to quantify and track tumor 
motion by considering not only translation but also rotation could potentially address the high precision 
requirement of radiotherapy both for margin reduction in planning and for tumor tracking during an MRI-
guided scenario. The limitation of the study relies on the absence of a ground truth for a proper validation; 
however the application of the feature extraction method in the literature confirms its robustness. Also, a 
combination of SIFT with tumor contour could be taken in consideration to overcome limitations of both 
methods. Future developments in real-time 4DMRI will provide a framework for a proper validation. In 
addition, this study provides only a quantitative geometrical analysis without considering the dosimetric 
outcome of the rotational component. A further analysis on this aspect should be performed in order to confirm 
the benefits that rotation compensation could provide in addition to translation. 
Future work will also take into consideration a real-time implementation of SIFT based on parallel computing 
and GPU optimization, in order to quantify in real-time the tumor location with 6 degrees of freedom 
(translation and rotation) in an MRI-guided treatment. 
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Table 1. SIFT_tumor versus tumor_contour_closest quantification. Number of SIFT_tumorfeatures identified in sagittal–
coronal directions; mean displacement (mm) and period (s) of the trajectories; correlation value and RMSE between the 
two trajectories in AP, RL and SI. SI direction was computed as the mean between the sagittal and the coronal SI 
components. 
  
# SIFT 
features Displacement (mm) Period (s) Correlation RMSE (mm) 
SAG-
COR SIFT_tumor tumor_contour_closest SIFT_tumor tumor_contour_closest             
  AP RL SI AP RL SI AP RL SI AP RL SI AP RL SI AP RL SI 
P01 4–2 3.9 0.9 4.7 4.9 1.3 4.8 3.8 2.8 4.0 2.9 2.7 2.7 0.9 0.6 0.7 1.6 0.8 1.9 
P02 3–6 2.8 0.5 6.0 1.5 1.3 5.0 2.6 2.6 3.1 1.9 2.1 2.9 0.2 0.3 0.8 1.7 0.8 1.6 
P03 6–6 1.5 0.6 1.8 0.8 0.6 2.2 2.7 2.5 2.8 2.6 2.2 2.7 0.7 0.2 0.8 0.7 0.6 0.6 
P04 14–7 0.7 0.9 1.5 0.8 1.6 2.3 2.6 3.0 2.8 2.3 2.1 2.3 0.7 0.5 0.5 0.5 1.0 1.4 
P05 3–3 0.6 1.0 5.6 1.6 2.4 12.3 1.7 1.9 1.9 2.0 1.6 1.7 0.2 0.8 0.8 1.4 1.6 5.2 
P06 9–4 1.0 0.7 1.1 1.6 1.8 2.4 1.9 2.3 2.6 1.9 1.7 1.7 0.8 0.5 0.7 0.8 1.6 1.7 
P07 6–2 0.5 0.8 0.8 0.8 2.4 2.2 2.0 2.6 2.3 2.0 2.5 2.2 0.4 0.6 0.6 0.8 0.9 0.9 
P08 4–2 0.6 0.9 0.6 0.8 1.1 0.9 2.1 2.0 2.0 2.1 2.1 1.9 0.5 0.8 0.4 0.7 0.5 1.3 
P09 10–3 1.6 1.1 2.1 2.2 1.5 2.7 1.8 2.0 1.7 1.8 1.8 1.5 0.7 0.3 0.7 1.3 1.2 1.2 
Median   1.0 0.9 1.8 1.5 1.5 2.4 2.1 2.5 2.6 2.0 2.1 2.2 0.7 0.5 0.7 0.8 0.9 1.4 
iqr   1.1 0.2 3.6 0.8 0.5 2.6 0.7 0.6 0.9 0.3 0.5 0.9 0.4 0.4 0.2 0.7 0.4 0.4 
 Table 2. Rotation quantification. Rotational component (°) for all the patients; correlation (i.e. correlation with the whole signal and correlation with 
the respiratory component only) with the translational component (sagittal and coronal) and periodicity (s) of rotation. 
  
Rotation (°) Correlation 
Correlation respiratory 
component (wavelet 
decomposition) Period (s) 
SAG COR SAG COR SAG COR SAG COR 
Mean Std Mean Std AP SI RL SI AP SI RL SI     
P01 3.3 6.8 2.9 5.3 0.3 −  0.1 0.0 −  0.3 0.3 −  0.4 0.3 −  0.6 2.4 2.4 
P02 −  1.0 4.1 −  2.3 2.3 −  0.1 0.2 −  0.3 0.6 −  0.4 0.2 −  0.4 0.7 1.8 2.5 
P03 −  3.5 2.4 −  1.3 2.2 −  0.7 0.3 −  0.5 0.3 −  0.8 0.8 −  0.7 0.7 2.0 2.0 
P04 −  0.6 0.6 −  1.7 2.6 0.2 0.4 −  0.1 0.2 0.2 0.7 −  0.4 0.6 3.0 2.1 
P05 −  7.1 13.2 1.2 4.1 −  0.2 −  0.8 −  0.2 −  0.0 −  0.3 −  0.8 −  0.4 0.2 2.1 1.9 
P06 1.6 1.1 — — −  0.4 0.6 — — −  0.4 0.6 — — 1.8 — 
P07 0.4 0.5 −  3.2 2.5 −  0.1 −  0.4 −  0.6 0.6 0.1 0.6 −  0.6 0.6 2.0 3.6 
P08 −  0.7 2.0 0.6 2.7 −  0.3 −  0.7 0.1 0.2 0.3 0.8 0.1 0.5 2.2 2.9 
P09 1.4 2.3 −  3.4 5.6 0.1 −  0.4 −  0.3 0.5 0.3 −  0.7 −  0.1 0.7 2.0 2.6 
median −  0.6 2.3 −  1.5 2.7 0.2a 0.4a 0.2a 0.3a 0.3a 0.6a 0.4a 0.6a 2.0 2.4 
iqr 2.4 3.0 3.3 1.9 0.4 0.7 0.3 0.4 0.1 0.2 0.3 0.2 0.2 0.6 
a Median  ±  iqr of absolute values of correlation are reported. 
 
 
  
 
 
 
 
 
 
 
 
Figure 1. Workflow of the method. (A) SIFT feature tumor extraction by selecting a ROI around the tumor and 
matching (SIFT_tumor - light blue diamond); (B) comparison of the diaphragm motion (diaphragm - yellow 
line) with the motion obtained by SIFT in a ROI around the diaphragm (SIFT_diaphragm - light blue diamond); 
(C) comparison of the motion extracted by points of the tumor contour closest to SIFT ones 
(tumor_contour_closest - green circle) and SIFT_tumor motion; (D) rotation quantification with a point-based 
rigid registration of SIFT_tumor features applied to consecutive frames. Figure is representative of p03. 
 
 
 
 
 
 
 
 
  
 
 
 
 
Figure 2. SIFT_tumor versus tumor_contour_closest trajectories (40 s). AP and SI component for sagittal 
(SAG) acquisition and RL and SI component for coronal (COR) acquisition for both SIFT_tumor (blue straight 
line) and tumor_contour_closest (red dashed line) trajectories with their respective correlation value (corr) for 
three patients. 
 
 
 
 
 
  
 
Figure 3. Features in inhale (first column—red star) and correspondent matches in exhale (second 
column—light blue circle) for patient p01 in sagittal and coronal. Rotation between the two phases 
(inhale red dashed line and exhale light blue straight line) is shown on the exhale phase (third 
column). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
Figure 4. Rotation versus translation (40 s) for three patients. SI translational component (blue dashed line) and 
rotational component (red straight line) of the mean trajectory of SIFT_tumor in sagittal and coronal plane. 
Correlation (corr) between rotation and translation are reported. 
